Abstract.-Survival rates can be estimated from annual surveys by tracking the abundance of one or more cohorts, as measured by catch per unit of sampling effort, from one year to the next. However, it can be difficult to attain reasonable precision unless sampling effort is extensive. Indeed, estimates of survival exceeding 100% are not infrequently obtained. We show that data from several years can be analyzed simultaneously to obtain a single estimate of survival under the assumption that survival is constant over the period analyzed. The method requires that only a single cohort be identified and separated from the other agegroups. Thus there are minimal data requirements. Estimates of the survival of goosefish Lophius americanus obtained by this method compare favorably with estimates obtained by analyzing changes in mean length over time.
Annual survival rate, S, can be estimated from annual surveys in various ways. Most methods are based on the relationships N aþ1; tþ1 ¼ SN a;t and I a;t ¼ qN a;t ;
where N a,t is the number of animals of age a alive at the time of the survey in year t, I a,t is the expected value of an index of abundance of the animals of age a in year t, and q is the catchability coefficient. The survival rate for age a in year t can thus be estimated aŝ S t ¼N aþ1; tþ1 N a;t ¼Î aþ1; tþ1 I a;t ;
where the ''hat'' symbol denotes an estimate. This method was used as far back as 1934 (Graham 1934 (Graham , 1938 . When several years of data are available, an index of abundance can be regressed on the previous year's value for the same cohort. The assumptions are that survival and catchability (more properly, availability to the survey gear) are constant over time and age and that the ages of the animals observed in the survey can be determined. Sometimes it is difficult to determine ages for older animals. However, it may be possible to identify one age-group, say age 3, and divide the survey catch into animals of that age and animals above that age. If one age-group can be identified and separated from the others and two years of data are considered, then the survival rate can be estimated bŷ 
where the notation !a means all ages greater than or equal to a. That is, age-groups are pooled and the abundance of a group of cohorts is followed from one year (when they are age a and above) to the next (when they are age a þ 1 and above). Heincke (1913 , cited in Ricker 1975 was apparently the first to suggest pooling data over ages, although he formulated the estimation procedure in terms of a cross-sectional catch curve (age composition observed in one year) rather than as a longitudinal catch curve (changes in abundance of specified cohorts monitored over time). Gulland (1955) pooled ages and computed survival from the change in abundance of a group of cohorts from one year to the next. A generalization of this to include more than two years of data has not been given previously and is developed below.
Development of Multiyear Estimators
We consider just two age-groups in the population: recruits and previously recruited animals. Recruits are defined to be those animals that will join the previously recruited animals the next year (if they survive the year). The relationship between the number of previously recruited animals in year t þ 1 (N tþ1 ) and the number of recruits (R t ) and previously recruited animals (N t ) in year t is where /* and S are the survival rates of the recruits and previously recruited animals, respectively, and T is the number of years of survey data. In terms of the expected values of indices of abundance, we have
where r t is the expected index of recruits in year t and / subsumes the survival of recruits and the selectivity of the survey gear for recruits. If the indices I t are independent, then equation (2) is in the form of a multiple linear regression with no intercept. Parameter estimates can be found easily by minimizing the sum of squared deviations between observed indices,Î tþ1 , and the predictions obtained from the previous year's indices,Î t andr t , that is by minimizing
The model in equation (2) is quite general because it allows recruits to have a different catchability or survival rate (or both) than the previously recruited animals. However, the estimates of S and / may be highly negatively correlated and unstable unless appreciable contrast is observed in the recruitment over time. Therefore, it will often be necessary to adopt additional assumptions.
An alternative is based on the idea that the parameter / is likely to be close to the value of S. Recruits may have a higher natural mortality than previously recruited animals but probably have a lower fishing mortality and a lower catchability so that, on balance, it may be reasonable to set / equal to S to obtain an estimate of survival. Thus, equation (2) would be replaced by
Example: Goosefish
Goosefish Lophius americanus are captured in the annual groundfish trawl survey conducted by the National Marine Fisheries Service's Woods Hole Laboratory in the fall of each year. However, the survey was not designed to sample this species and the catches are always low, ranging from 14 to 196 animals per survey. Despite this, the mean length data from the survey have proved useful for estimating mortality rates even though the mean lengths vary greatly from year to year (see Gedamke and Hoenig 2006) . Estimates were made for two regions: the northern management area, comprising the Gulf of Maine, southern New England, and Georges Bank, and the southern management area, comprising the waters from Rhode Island to North Carolina. It is of interest to see how well those values are reproduced when mortality is estimated from catch rates (Table 1) instead of mean lengths.
Goosefish are believed to be fully vulnerable to the survey trawl when they reach 30 cm in total length (NEFSC 2002) . We determined the first fully vulnerable age-class using the von Bertalanffy growth models developed by the National Marine Fisheries Service. The growth parameters for the northern region are as follows: L ' ¼ 126.0 cm and K ¼ 0.1080/year; those for the southern region are 129.2 cm and 0.1198/year (NEFSC 2002) . No values were given for the parameter t 0 , so a value of 0.0 years was assumed for both regions. It is seen that fish from age 2.5 to age 3.5 have predicted lengths of 29.8-39.7 cm in the northern region. Consequently, fish in the size range 30-40 cm are taken to be the recruits and all fish above 40 cm are considered previously recruited animals. For the southern region, the recruits are fish in the range 33-44 cm. We apply equation (1) to the catch rate data in Table  1 and Figure 1 to obtain annual estimates of survival rate and then convert these to estimates of the instantaneous rates of total mortality, Z, according to the formula Z ¼Àlog e (S) (Figures 2, 3) . Data from the 1963 and 1964 surveys give rise to an estimate of survival between the surveys, that is, between fall 1963 and fall 1964. We refer to this as the survival in 1964 because most of the time interval is in 1964. Not unexpectedly, the results are highly variable and often infeasible (i.e., estimates of the mortality rate are negative).
We computed the arithmetic mean of the results from equation (1) over the periods of stable mortality identified by Gedamke and Hoenig (2006) from their analysis of mean sizes (Table 2; Figures 2, 3 ). Gedamke and Hoenig found that the periods of stable mortality identified through their analysis of length data corresponded well with recorded changes in the fishery (i.e., price rises and concomitant increases in landings). Averaging the annual estimates gives results roughly similar to those obtained by Gedamke and Hoenig, but the agreement is strong only in one comparison. 
ESTIMATING SURVIVAL FROM CATCH RATES
We applied the estimators based on equations (2) and (4) 
Sensitivity Analysis
Assumption that / ¼ S.-A key assumption in applying equation (4) is that the parameter / is equal to S. We specify departures from this assumption by the equation cS ¼ /. Then equation (2) can be written
The effect of assuming that c ¼ 1 when it is really some other value can be determined by multiplying all the recruitment index values by the other value and then reestimating the survival rate. We did this for the northern management region data from 1963 to 1977 and converted the results to the instantaneous rates of total mortality, Z. The computed value of Z is an increasing function of the value of c and is described by the equation computed Z ¼ 0.0554c þ 0.123, such that when c ¼ 1 the computed Z is 0.1784, as reported in Table 2 . If / is really 90% of S (i.e., c ¼ 0.9), the estimate of Z would be 0.17286 and the percent difference in results would be 100ð0:1784 À 0:17286Þ=0:17286 ¼ 3%:
Thus, a 10% error in the specification of c results in a 3% error in the estimate of Z. The estimator based on equation (4) is insensitive to model misspecification, at least when applied to the goosefish data from 1963 to 1977. Effects of systematic errors in age composition.-There are two effects of systematic errors in the specification of age composition. First, if only a portion of the animals in age-group 1 (the recruits) is included in the analysis, the result will be a positive bias in the survival estimator. This is easily seen from equation (1), where the denominator is made smaller by the exclusion of some recruits. Similarly, including some animals that will not reach the size of the second agegroup in 1 year in the new-recruits category results in a negative bias. Similar results hold for the other models (based on equations 2 and 4).
The second consequence of systematic misspecification of age composition is that the estimators are no longer unaffected by recruitment variability. We demonstrate this by considering the estimator in equation (1). Suppose the fraction a of age-group 1 (the recruits) included in the analysis is constant. Then, as recruitment approaches zero, the estimator in equation (1) approaches the survival rate, S. As recruitment increases without bound, the estimator tends to S/(1 -a). If recruitment is overestimated (some animals that will not grow into age-group 2 in 1 year are included in age-group 1) but it approaches zero, then the estimator tends to the true survival rate S. If recruitment is overestimated and it approaches infinity, the estimator is too low and tends to S/(1 þ a). These conclusions are justified in the appendix.
Discussion
We have presented a new approach to estimating survival rate from multiple years of survey data. The big advantages of this approach are that one does not need to know the magnitude of the landings and does not have to be able to age the catch beyond identifying the recruits. We presented a general model (equation 2) that allows for recruits to have a different survival or catchability than previously recruited animals. However, in practice it is often necessary to adopt an additional assumption to obtain reasonably precise and stable estimates. The more general model should be less biased than the alternatives but at the expense of greater variance.
For the goosefish example, it appears that the survey catch rates are more variable than the mean lengths and consequently that the precision of the estimates from the new approach is less than those based on the Gedamke and Hoenig (2006) approach based on mean lengths. However, it should be noted that both methods can be applied to data from the trawl survey. For goosefish, it is reassuring that the two approaches gave very similar results for five of the six time-area comparisons. The estimates obtained by averaging the two-year estimates from equation (1) appeared reasonable in most cases. However, averaging a set of numbers that contains nonsensical values (survivals greater than 1.0) may be troubling and hard to justify.
We relied on the model described by equation (4) because the survey catches of goosefish were low and the catch rates highly variable. In cases where a species is better sampled, it may be worthwhile to use the model in equation (2).
Our example involved survey catch rate data. It is ESTIMATING SURVIVAL FROM CATCH RATES also possible to apply the method to commercial catch rate data provided these represent relatively short periods of time. For example, the catch rate in the first two months of year t þ 1 can be compared with the catch rate in the same period in year t. Restricting the analysis to short periods of time within a year is necessary for two reasons. First, catch rate in a time interval is proportional to average abundance in that interval. Thus, over an extended period the effort may be large and the commercial catch rate will reflect both the initial abundance and the depletion of the population. The second reason for using a restricted period of time is that catchability, recruitment, and other factors may change seasonally so that catch rate is harder to interpret. In the appendix we investigate the impact of errors in determining the fraction of the survey catch that will recruit in the next year and place bounds on these errors. In cases where errors in determining the catch composition may be appreciable, the survival estimators are more properly thought of as providing an index of survival rather than absolute survival. That is, the estimators can be used to monitor trends in the survival rate over time rather than to quantify the level of survival.
Appendix: Effects of Systematic Errors in Age Composition on Survival Estimates
Referring to Figure A .1, we note that the survival estimator in equation (1) can be viewed geometrically as a ratio of areasŜ
whereŜ is the estimated survival, a 1 is the abundance of recruits in year 1, and b 1 and b 2 are the abundances of previously recruited animals in years 1 and 2, respectively. If a portion of the animals that will recruit in year 2, say, aa 1 , is excluded from the recruitment, then the estimate of survival will be biased upwards. Similarly, if some animals are included in the recruitment that will not, in fact, recruit in year 2 (a 1 is specified as too large), the estimate will be biased downwards. We now consider how the magnitude of the recruitment affects this result. We note that
when the survival of the recruits is the same as the survival of the previously recruited animals. If a portion of the recruitment, say, aa 1 , is excluded from the calculation of survival, then equation (A.1) becomes an erroneous estimate of survival,Ŝ err , given byŜ
Suppose a 1 approaches zero. This implies that the amount of recruitment not included in the calculation, aa 1 , also approaches zero. Then,Ŝ err approaches S(b 1 / b 1 ) ¼ S. On the other hand, suppose a 1 approaches ' while a remains constant. Then
Similarly, it can be shown that if recruitment is 1250 HOENIG AND GEDAMKE overstated by an amount a but recruitment approaches zero, then the erroneous estimator approaches the true survival rate, S. And, under the same circumstances, if recruitment approaches infinity, the survival estimate approaches S/(1 þ a).
FIGURE A.1.-Hypothetical length frequency distributions showing two modes representing one identifiable age-class (a i ) and one ''composite'' or ''plus'' group consisting of multiple age-classes (b i ) for years i ¼ 1, 2. The text discusses the effect on the estimated survival rate of not including the area marked aa 1 as part of recruitment in year 1. The length frequencies are shown as triangular distributions merely for convenience.
ESTIMATING SURVIVAL FROM CATCH RATES

